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ABSTRACT: Solar hot water systems are seen as a viable alternative for providing hot water to 
households. Whilst solar hot water systems have been shown to provide savings in operational energy 
consumption when compared to the alternative conventional systems, it is important to consider the 
life-cycle implications of these systems. In addition to the energy required for their operation, energy is 
also required for the manufacture of the systems (embodied energy), maintenance and 
decommissioning. This paper presents the results of a life-cycle energy analysis of solar hot water 
systems, comparing them with conventional hot water systems in Melbourne, Australia. The study 
builds on a previous study by including ‘capital’ energy, the energy to make buildings and equipment 
amortised over the life of the industry. For a whole building, capital energy required upstream can 
represent 22% of the total embodied energy. There was a concern that by taking this wider definition of 
embodied energy that previous results may be invalid. It was found, however, that despite significant 
increases to the embodied energy through the inclusion of capital energy, the life-cycle energy was still 
dominated by the energy used to operate the hot water systems, even accounting for the solar fraction.  
 
Conference theme: Building and energy 
Keywords: hot water systems, embodied energy, hybrid analysis, capital energy 
 
 
INTRODUCTION 
Building construction and use are having an increasingly significant impact on the environment. Whilst there is a 
growing need for buildings across the world, due to increasing populations and increasing standards of living in the 
developing world, there is a need to ensure that future developments respond to their surrounding environments. The 
consumption of energy and resultant greenhouse emissions is one of the main contributors to the impact that 
buildings are having on the environment. The requirement for hot water in buildings accounts for a significant amount 
of this energy. For example, 25% of the operational energy requirements of residential buildings in Victoria is a result 
of the energy required to supply hot water. This is therefore one area in which considerable effort should be, and has 
been, placed to address the impact of building operation on the environment. Recently, new energy efficiency 
standards were introduced across Victoria for residential buildings. These standards include the requirement for 
installing a solar hot water system based on the awareness that these systems can assist in the reduction of building 
operational energy requirements due to a reduced reliance on fossil fuels.  
 
Operational energy is not the only energy associated with hot water systems. The energy used in the manufacture of 
hot water systems is also of considerable importance. This is commonly referred to as the embodied energy of 
manufacture, and includes the energy used to assemble them, and the energy embodied in the input of goods and 
services to the manufacturing process, including transportation at all manufacturing phases. The embodied energy, 
the operational energy as well as the energy associated with maintenance and decommissioning, equal the total life-
cycle energy requirements of a hot water system. Whilst the energy required to supply hot water within buildings has 
been widely addressed, as improvements in the operational efficiency of hot water systems, and other building 
efficiency systems, are made, the significance of the embodied energy component of these systems increases in 
proportion to their life-cycle energy requirements. It is therefore crucial that the life-cycle implications of buildings and 
their related products, such as hot water systems, are considered, as improvements in operational efficiencies may 
be negated by increases in energy requirements for manufacture, maintenance and more frequent replacement. 
 
Whilst there is growing knowledge of the life-cycle energy requirements of hot water systems, many of the studies 
being performed are based on inadequate methods of assessment. In particular, the embodied energy assessment 
methods used are incomplete and could underestimate the embodied energy of hot water systems. A recently 
developed hybrid method of embodied energy assessment, proven to provide a comprehensive method of 
assessment, is the preferred method for determining the embodied energy associated with hot water systems. 
Comparisons also need to be made between currently available solar hot water technology and conventional 
alternatives. 
 
A net energy analysis of these hot water systems, using the hybrid method discussed above, has previously been 
performed, but recent improvements to the data and methods of assessment used for this study allow for a more 
comprehensive assessment of the combined energy used throughout the entire life-cycle of these systems to be 
performed. The improvements to this method include the use of more recent I-O data and the inclusion of capital 
energy data. These methodological improvements may have a significant impact on the findings of the previous 
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study. In light of this, the current study provides a review of these previous findings. This paper presents the results of 
a life-cycle energy analysis of a number of domestic hot water systems using capital energy for the first time. This 
study provides a more comprehensive analysis than has previously been possible. The aim of this study is to 
determine whether or not the inclusion of capital energy has an effect on the energy payback period of solar hot 
water systems.  
 
1. LIFE-CYCLE ENERGY REQUIREMENTS OF HOT WATER SYSTEMS 
A life-cycle energy analysis involves a study of the energy consumed during the life-cycle of a particular product. 
These life-cycle energy requirements include the initial embodied energy of the manufacturing process, the 
operational energy, plus the embodied energy of goods and services used in operation, maintenance and 
decommissioning. Traditionally, operational energy has been the focus of many studies dealing with life-cycle energy. 
This may be partly due to conceptual failure in quantifying the life-cycle energy requirements of products through 
underestimating the possible importance of embodied energy. It has been shown that although the operational 
energy consumption of buildings accounts for the highest proportion of their total life-cycle energy consumption, there 
is still a considerable amount of energy that is consumed in the other phases of a building’s life. One of the most 
significant of these phases; incorporating the extraction and processing of raw materials, manufacturing of building 
materials and products and construction of the building; includes the embodied energy of the building and its fittings 
and finishes, but this varies significantly between building design, materials, systems and products. Embodied energy 
is particularly important due to the complexity of the supply chain. This complexity means that the supply chain has to 
be modelled for each product and process upstream to the raw materials. 
 
The main concern with hot water systems has been the environmental impacts resulting from their operation. The 
operational energy consumed at the point of use is lower than the actual energy required to supply this energy to the 
consumer. The energy used by the consumer is known as delivered energy, while the energy actually required in 
supplying this delivered energy is known as primary energy. The consideration of primary energy is more 
representative of the environmental impact (for example, from the emission of greenhouse gases into the 
atmosphere) of hot water systems. Much is known about the operational component of the life-cycle energy 
requirement of such systems (Yang et. al., 1997), yet there is limited knowledge available about the energy embodied 
in hot water systems. 
 
Embodied energy research to date has typically focused on the general components of construction such as building 
structure, envelope and internal finishes (Lawson, 1996; Pullen, 2000). Research on the energy embodied in building 
services such as hot water systems is rare. Previous research has indicated that the energy embodied in materials 
was small compared to the energy used in the operation of buildings and their products (for example, inter alia, 
Howard, 1991). The embodied energy of an entire building, or a building material or product in a building, comprises 
indirect and direct energy. Indirect energy is used to create the inputs of goods and services to the main process, 
whereas direct energy is the energy used for the main process. The accuracy and extent of an embodied energy 
analysis is dependent on which of the three main methods is chosen: process analysis, input-output (I-O) analysis or 
hybrid analysis (Treloar, 1997). 
 
1.1. Previous studies 
The previous study by the author (Crawford et. al., 2003) provided an overview of a number of studies that have been 
performed in relation to the energy requirements of domestic hot water systems (for example, O’Sullivan, 1979). 
Since this study was performed a number of other authors have demonstrated the potential energy savings 
associated with solar hot water systems (for example, Kalogirou, 2004; Tsilingiridis et. al., 2004). The I-O-based 
hybrid analysis method proposed by Treloar (1997) has been used in several life-cycle and embodied energy studies 
(Crawford and Treloar, 2004b; Crawford et. al., 2006), which have demonstrated the significance of the choice of 
embodied energy analysis methods. An evaluation of this I-O-based hybrid analysis method, against other methods 
of assessment, has been performed (Crawford, 2005), showing that the I-O-based hybrid analysis method is currently 
the preferred method to use for assessing the energy embodied in buildings and related products. Whilst several 
limitations associated with this method may result in errors of up to 30%, the use of more conventional methods of 
embodied energy assessment have been shown to produce errors of up to 80%, depending on the source and 
reliability of the data used. The study by Crawford et. al. (2003) of the life-cycle greenhouse emissions of the 
domestic hot water systems being considered in this current study, used an I-O-based hybrid embodied energy 
analysis method based on 1992–1993 I–O data. Since this previous study was published, this embodied energy 
analysis method has been updated with 1996–1997 I–O data, significantly improving the comprehensiveness and 
complexity of the previous method. The more recent data also includes the energy consumed in the manufacture of 
machinery and other capital equipment and buildings, commonly ignored or excluded in embodied energy analyses. 
This is due to the difficulty in determining the time that the equipment was used in production for amortising this 
capital energy. This energy is considered to be as much a part of a product’s life-cycle as any other direct or indirect 
input. Casler (1983) has demonstrated that the quantification of capital energy requirements can be easily achieved 
through the use of I–O data. Lenzen and Treloar (2004) and Gorree et. al. (2002) have estimated capital energy to 
account for between 10 and 17% of the total inputs of embodied energy to a product. Crawford and Treloar (2004a) 
showed that this figure may in fact be as high as 22%. Unlike many previous embodied energy analysis methods, the 
hybrid analysis method used in the present study considers the energy required for capital inputs. Whilst the inclusion 
of these capital inputs is systemically less significant compared to the use of the hybrid analysis method, its 
consideration provides a more comprehensive embodied energy assessment. 
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The issues discussed above give rise to the following research question to be addressed in the remainder of the 
paper: 
- Is capital energy an important component of the life-cycle energy of a solar hot water system? 
 
2. METHODOLOGY 
This section describes the hot water systems chosen for the study and outlines the method of life-cycle energy 
analysis (embodied and operational energy analysis) used. The five hot water systems considered in the previous 
study (Crawford et. al., 2003) were used in the current study. These included an electric-boosted solar, gas-boosted 
solar, electric storage, gas storage and a gas instantaneous hot water system. All systems were selected to provide 
an equivalent hot water supply to a typical four-person household, sized according to the manufacturer’s 
recommendations. The recommended storage volume for a solar hot water system and an electric storage system is 
60-70 litres (L) per user, allowing for an average daily usage of 50 litres plus some reserve (O’Sullivan, 1979). The 
systems have not been named here for reasons of confidentiality, although all information regarding each of the 
systems was gained from public domain sources. These five hot water systems case studies have been summarised 
in Table 1 below. 
 
Table 1: Domestic hot water system case study details 
 
Case study Price ($) Size Description 
Electric storage 911 315L tank 3 star efficiency 
Gas storage 884 170L tank 3 star efficiency 
Gas Instantaneous 1099 24L 5 star efficiency 
Solar – electric boosted 2986 300L tank, 3.96 m2 collector Electric boosted, 2 collectors 
Solar – gas boosted 3386 300L tank, 3.96 m2 collector In-tank gas booster, 2 collectors 
N.B.: Prices listed above exclude installation. 
 
For the purpose of this study and the comparison between systems, the period of the life-cycle energy analysis 
selected was 20-years. The life-cycle energy of each hot water system after 20-years is made up of the initial 
embodied energy of the hot water system, using the input-output-based hybrid analysis method, the energy required 
for operation and maintenance, repair and decommissioning, in primary energy terms, and the embodied energy 
associated with necessary replacement during the 20 year period. The energy embodied in maintenance, repair and 
decommissioning was assumed to be 2% of the initial embodied energy, per annum. All systems were assumed to 
require replacement after twice the length of the warranty period. This replacement occurred after 20 years for the 
gas instantaneous system and 10 years for all other systems. The embodied energy associated with this replacement 
was added to the life-cycle energy requirement at the beginning of the eleventh year, other than for the gas 
instantaneous system.  
 
The operational energy associated with hot water systems is the energy consumed in the actual running of the 
system, be it electricity or gas. Solar energy is counted as ‘free’ in this study, since it does not require any fossil fuels 
from the earth or result in any greenhouse emissions on the earth. The energy consumed is dependent on a number 
of factors: the geographic location of the system; the type and size of system; the form of energy used; the usage 
patterns of the users; and the system efficiency. The initial figures used for calculations of operational energy were 
the delivered energy figures (that is, the energy supplied at the point of use). The primary energy factors for the 
appropriate fuels were then applied. A primary energy factor of 3.4 and 1.4 for electricity- and gas-based fuels 
respectively were used, as is typical for Victoria. Unlike the previous study, this study only considers one location, 
Melbourne, Australia (latitude 37.8°S). The added benefits of installing a solar hot water system in a warmer/dryer 
climate, due to higher ambient temperatures and a higher solar fraction are now known (as demonstrated by 
Crawford et. al., 2003). Improved operational efficiencies in warmer climates reduce the operational energy 
requirements and subsequent energy costs, providing a shorter payback period for solar hot water systems.  
 
The climate chosen for such a study has the most significant impact on the solar fraction and therefore the 
operational energy consumption of solar hot water systems. The solar fraction of a solar hot water system is defined 
as the percentage saving in fuel from the use of solar energy. The solar fraction is approximately proportional to the 
amount and intensity of daylight in any given location. The average annual solar fraction for the solar hot water 
systems used in this study was 62% (Solahart, 2003). This figure is supported by Gilchrist (1994, p.143), who 
estimated the solar fraction for these types of system to be 55-65%, in Melbourne. The average annual operational 
delivered energy consumption for each of the hot water systems was obtained from GWA (2005). The appropriate 
figures were determined by taking into account the size, location, fuel type and efficiency of the systems as well as 
the solar fraction for the solar hot water systems. Reduced operational efficiencies over time, due to system wear, 
have not been factored in. 
 
In order to undertake the embodied energy analysis of the five hot water systems, the quantities of materials used in 
the production of each of the systems were determined. Information regarding components, materials, masses, areas 
and volumes was obtained from the manufacturers of the various products. All information was in the public domain.  
 
The embodied energy values of the hot water systems were derived using an I-O-based hybrid analysis method, as 
described by Treloar (1997), using I-O data for Australia for the financial year 1996-97. Various process analysis 
embodied energy data for major materials such as steel were also integrated with the I–O data (Grant, 2002). Hybrid 
material embodied energy intensities were multiplied by the quantities of basic materials of the hot water systems. 
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These individual material embodied energy figures were then summed to obtain the process-based hybrid analysis 
value for the systems. National I–O tables, produced by the Australian Bureau of Statistics (2001) were combined 
with national energy data from the Australian Bureau of Agricultural and Resource Economics (2000) to develop an 
energy-based I–O model of the economy. The I–O tables are divided into more than 100 sectors of the Australian 
economy, e.g. ‘household appliances’. For each one of these economic sectors, a direct and total energy intensity 
can be calculated in units of GJ/$1000 of product, representing the amount of energy used directly and in total to 
produce $1000 worth of products from that specific sector.  
 
The input-output theory underlying these calculations is extensively documented elsewhere (Miller and Blair, 1985; 
Lenzen, 2001; Leontief, 1966; Proops, 1997) and shall therefore not be repeated here. In a hybrid I–O analysis of any 
product, it is necessary to link the product’s component breakdown to the economic sectors of the I–O classification 
in order to determine the energy intensities that should be applied. The capital energy inputs, usually excluded 
through an embodied energy analysis (including the previous study performed by the author), are included in this 
procedure. The I-O model was disaggregated to allow the quantified material inputs to be subtracted, leaving a 
remainder that was applied to the study in a holistic manner to fill all the remaining gaps, as demonstrated in Treloar 
et. al. (2001).  
 
From the disaggregated I-O model, showing the inputs of the ‘household appliances’ sector, the material inputs that 
were quantified for each hot water system, were identified. The total energy intensity of each of the material inputs 
represented were subtracted from the total energy intensity of the sector. The remainder of the unmodified inputs (the 
total energy intensity of the sector minus those material inputs subtracted (GJ/$1000)) were then multiplied by the 
price of the system ($) and divided by 1000 to give the additional energy inputs (GJ) for the system. The process-
based hybrid analysis value was then added to this figure, minus the direct energy component (as this is included in 
the remainder of unmodified inputs) to give the total embodied energy using I-O-based hybrid analysis (Table 3). 
 
Table 3: Example I-O-based hybrid analysis of energy embodied in a hot water system 
 
Process Embodied energy (GJ/Hot Water System) 
Process data for quantified materials 15.99 
Input-output data used to fill upstream gaps 14.31 
Process-based hybrid analysis total 30.30a 
Input-output data for ‘household appliances’ sector  
Direct energy intensity 0.51b 
Total energy intensity 64.10c 
Inputs covering process data 24.27d 
Remainder (c-b-d) 39.33e 
TOTAL (a+e) 69.63 
Proportion of process data 23% 
N.B.: figures may not sum due to rounding. 
 
3. RESULTS AND DISCUSSION 
The results of the study are shown in this section. This details the operational energy, embodied energy and life-cycle 
energy requirements of each of the hot water systems, as well as the expected energy payback periods of the solar 
hot water systems. The energy required during the operation of the hot water systems was converted to primary 
energy terms, to account for conversion and transmission losses and the energy embodied in the fuels and 
derivatives, using the primary energy factors previously mentioned. The delivered and primary energy based 
operational energy requirements of each hot water system are shown in Table 4. 
 
Table 4: Annual operational energy of hot water systems for Melbourne, 
in delivered and primary energy terms 
 
Hot water system Delivered energy (GJ/annum) 
Primary energy 
(GJ/annum) 
Electric Storage 24.64 83.77 
Gas Storage 35.35 49.49 
Gas Instantaneous 23.61 33.06 
Solar - electric boosted 9.36 31.83 
Solar - gas boosted 13.43 18.81 
 
 
The embodied energy of the hot water systems, calculated using each of the three main embodied energy analysis 
methods are shown in Table 5. These results show both the modified (process analysis) and unmodified (I-O 
analysis) proportions for the I-O-based hybrid analysis values. An approximation of the embodied energy contained in 
the hot water systems was obtained with the use of the process-based hybrid analysis method (PHA). The I-O-based 
hybrid analysis was then used to correct a methodological deficiency in the process-based hybrid analysis method in 
which a large range of minor inputs and processes are neglected. These minor inputs typically account for around 
50% of the I-O-based hybrid analysis value. The proportions of process and I-O data in these I-O-based hybrid 
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analysis figures are also given. The embodied energy represented by I-O data is shown to account for at least 73% of 
the total for all hot water systems. This represents the gap, or incompleteness associated with a traditional process 
analysis. The embodied energy of the solar hot water systems, as determined by this study, was up to 4 times the 
embodied energy of the conventional alternatives (Table 5).  
 
Table 5: Embodied energy of hot water systems for each analysis method 
 
I-O-based hybrid analysis Hot water system Process analysis (a) (GJ) 
Input-output analysis 
(GJ) 
PHA 
(GJ) Total (GJ) (b) % PA value (a/b) % I-O value (gap)
Electric Storage 6.27 19.56 10.70 22.86 27 73 
Gas Storage 5.28 18.98 8.98 20.79 25 75 
Gas Instantaneous 0.78 23.59 3.07 18.52 4 96 
Solar - electric boosted 15.99 64.10 30.30 69.63 23 77 
Solar - gas boosted 15.99 72.69 30.36 78.21 20 80 
 
 
The life-cycle energy analysis of each hot water system over a 20-year period is shown in Figure 3. This study 
highlights, despite significant improvements in the method of assessment used for this study, the relative 
insignificance of the embodied energy of hot water systems over their lifetime, as shown in the previous study 
(Crawford et. al., 2003). The electric storage hot water system was shown to have an extremely high life-cycle energy 
requirement (predominately resulting from operational requirements), almost 70% more than the next highest – the 
gas storage system. Both electric- and gas-boosted solar hot water systems provide life-cycle energy savings 
compared to the respective fuel-based storage systems. Despite these systems having a higher embodied energy 
component, by up to 4 times, the respective energy payback periods for these two systems are 1 year and 2 years 
when compared to their equivalent fuel-based storage system. This is shown by the cross-over points of each of 
these systems in Figure 3. Over the 20-year period of this study, the gas-boosted solar hot water system has the 
lowest total energy requirement. Further energy savings are possible if the life of the system is prolonged beyond the 
10 years assumed in this study. With the longest anticipated life, the gas instantaneous system requires the next 
least amount of energy over the 20-year period. 
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Figure 3: Life-cycle energy of hot water systems 
 
 
For the gas-boosted solar hot water system, an alternative is to have an inline system where a gas instantaneous 
system is connected as the ‘booster’. Whilst this significantly increases the embodied energy of the system, the 
operational energy and associated costs can be much lower as boosting is only required as hot water is being used. 
The life-cycle benefits of this system configuration would be even greater than the gas-boosted solar hot water 
system assessed in this study. The recent improvements to the embodied energy analysis method used in this study, 
including the use of more recent I-O data and the inclusion of capital energy inputs has had a significant impact on 
the embodied energy of the hot water systems, compared to previous studies. Whilst these embodied energy figures 
have increased from between 42 to 197%, the contribution of this energy is still a relatively insignificant part of the 
life-cycle energy requirements of each hot water system, even considering the errors associated with the type of 
assessment used. 
 
Whilst the I-O-based hybrid analysis method used in this study has been used for a number of years now, the 
inclusion of capital inputs (to any method for that matter) is exceptionally infrequent. Previous studies based on the 
case studies used in the current study (Crawford, 2005), using an I-O model based on data exclusive of capital 
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equipment inputs showed lower results than those calculated in this current study. This difference can be attributed to 
the inclusion of capital inputs. It has been suggested in the past that capital inputs may account for up to 10-17% of 
the total embodied energy of any particular product (Lenzen and Treloar, 2004; Gorree et. al., 2002). This study has 
shown that these capital inputs account for up to 22% of the embodied energy of the systems analysed in this study. 
As capital inputs are rarely accounted for in an embodied energy analysis, the exclusion of these inputs is one reason 
for the incompleteness associated with past life-cycle energy studies. 
 
The greenhouse gas emissions associated with the energy consumed during the life-cycle of the hot water systems 
have a considerable impact on the environment. The fuel type used for the manufacture and operation of the hot 
water systems strongly influences the quantity of greenhouse gases emitted. As electricity is more greenhouse gas 
intensive than natural gas, the environmental impact of electric-based hot water systems is far greater per GJ of 
energy consumed. The impact of the fuel type used on the emissions of hot water systems has been shown by 
Crawford et. al. (2003). Where electricity is the only option, the electric-based solar hot water system is the best 
option. Building occupants may also consider buying ‘green’ tariff electricity (which reduces dependence on fossil 
fuels and greenhouse gas emitting sources), to further reduce the emissions associated with the boosting 
requirements of these systems.  
 
CONCLUSION 
Using a comprehensive method of embodied energy analysis, this study has shown that when compared to 
conventional alternatives, electric- and gas-boosted solar hot water systems pay back their initial energy investment 
in 1 and 2 years, respectively, through on-going savings in operational energy requirements. In comparison to the 
gas instantaneous system, having the lowest life-cycle energy requirement of the conventional systems studied (and 
the second lowest overall), the energy payback period of the gas-boosted hot water system is 5 years. In terms of 
reducing the environmental impact resulting from the use of hot water systems, in particular, from their life-cycle 
energy requirements, this study has shown the gas-boosted solar hot water system to be the most beneficial. This is 
closely followed by gas-instantaneous systems. This study has demonstrated that solar hot water systems can 
provide life-cycle energy savings when compared to their equivalent conventional alternatives, confirming previous 
studies. The greenhouse gas emissions associated with the fuel type being used should also be considered and will 
have a significant impact on the system that should be used.  
 
The insignificance of the embodied energy component of the life-cycle energy requirement of hot water systems has 
been re-confirmed in this study. This is despite improvements to the method of embodied energy analysis used in this 
study, including the addition of capital inputs. This study has shown however, that the I-O-based hybrid analysis is 
currently the preferred method for the embodied energy analysis of hot water systems due to its superior level of 
system boundary completeness, when compared to traditional methods. This is despite the potential limitations and 
errors associated with this method of assessment, which are considered to be less significance than those of 
traditional assessment methods. 
 
Financial considerations are also a key component in the decision making process associated with selecting a hot 
water system to use. Whilst the environmental implications of hot water use within buildings are, and should be, a 
major concern, the financial implications associated with the purchase of solar hot water systems are still a major 
barrier to their uptake. Rebates and recently introduced building regulations have somewhat reduced this barrier for 
new domestic buildings, however, the greater problem is the replacement of existing hot water systems. 
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